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Coding Joint Formation in a Cell-Free
V(D)J Recombination System
Thomas M. J. Leu,* Quinn M. Eastman,²§ The V(D)J recombination reaction can be divided con-
ceptually into two phases (recently reviewed by Rams-and David G. Schatz²³
den et al., 1997; Schatz, 1997; Smider and Chu, 1997).*UniversitaÈ t ZuÈ rich-Irchel
The first consists of recognition and synapsis of theVeterinaÈ rbiochemie
recombination signals, followed bydouble-strand cleav-Winterthurerstrasse 190
age of the DNA immediately adjacent to the two hep-8057 ZuÈ rich
tamer elements. This generates four DNA ends: twoSwitzerland
blunt, 59 phosphorylated signal ends (SEs) whose termi-²Section of Immunobiology
nal nucleotides are those of the recombination signals,³Howard Hughes Medical Institute
and two covalently sealed, hairpin coding ends (CEs).§Department of Molecular Biophysics and
The second phase of the reaction consists of end pro-Biochemistry
cessing and joining (reviewed by Lewis, 1994). SEs areYale University School of Medicine
joined to yield signal joints (SJs), which typically haveNew Haven, Connecticut 06520-8011
suffered neither the loss nor addition of nucleotides and
hence have a structure in which the two heptamer ele-
ments are precisely fused. In contrast, hairpin CEs mustSummary
be processed before being joined. The resulting coding
joints (CJs) are frequently imprecise, having suffered theV(D)J recombination assembles the variable portion
loss of a small, variable number of nucleotides from oneof antigen receptor genes in developing lymphocytes
or both CEs, and often exhibit the addition of nucleo-and is the only site-specific recombination reaction
tides. The added nucleotides fall into two categories:known in vertebrates. A cell-free system has been
nontemplated, N-nucleotides, the majority of which areestablished that performs DNA cleavage, end pro-
added by the enzyme terminal deoxynucleotidyl trans-cessing, and joining to yield V(D)J coding joints that
ferase (TdT) (Gilfillan et al., 1993; Komori et al., 1993), andexhibit structural features similar to those formed in
palindromic, P-nucleotides, which form inverted repeatsvivo. The reaction has the expected substrate, metal
with the terminal nucleotides of the CE (reviewed byion, and RAG protein requirements. The efficiency of
Lewis, 1994). Finally, short stretches of homology be-coding joint formation is reduced dramatically by
tween the two CEs can influence the outcome of theuncoupling the cleavage and joining portions of the
reaction (Boubnov et al., 1993; Gerstein and Lieber,reaction, indicating that a postcleavage coding end
1993), particularly in the absence of TdT (Gerstein andcomplex facilitates joining. By varying the reaction
Lieber, 1993).conditions, nucleotide loss from coding ends and het-
The first phase of the reaction requires the action oferogeneity of coding joints can be regulated. This cell-
the proteins encoded by the recombination activatingfree system provides a novel tool for detailed mecha-
genes, RAG1 and RAG2. The RAG1 and RAG2 proteins
nistic analyses of the end processing and joining steps
are necessary and sufficient to mediate cleavage at an
of V(D)J recombination. isolated recombination signal (McBlane et al., 1995), and
under appropriate conditions in crude extract mediate
Introduction cleavage that adheres closely to the 12/23 rule (Eastman
et al., 1996). Under these conditions, cleavage requires
The variable portions of immunoglobulin and T cell re- synapsis of the two signals, and the twocleavage events
ceptor genes are assembled from component V (vari- are tightly coupled temporally (Eastman et al., 1996).
able), J (joining), and in some cases D (diversity) gene Cleavage in accordance with the 12/23 rule appears
segments by a site-specific recombination reaction to be facilitated by the action of high-mobility group
known as V(D)J recombination. The reaction is essential proteins (van Gent et al., 1997) and one or more as
for the development of B and T lymphocytes, and in yet unidentified factors present in crude nuclear extract
some species, including human and mouse, is responsi- (Sawchuk et al., 1997).
ble for generating a highly diverse repertoire of antigen Little is known concerning the mechanism of the sec-
receptors. ond phase of the V(D)J recombination reaction. After
V(D)J recombination is targeted to specific sites on cleavage, the two SEs are held in a synaptic complex
the chromosome by conserved recombination signals by the RAG proteins, and SJ formation may require dis-
that flank antigen receptor gene segments. Each recom- sociation or remodeling of this complex (Agrawal and
bination signal consists of conserved 7 and 9 bp se- Schatz, 1997). It is not known what proteins associate
quences (the heptamer and nonamer, respectively) that with CEs, but it is clear that efficient CJ formation in
are separated by a spacer whose sequence is poorly vivo requires the action of the three subunits of the DNA-
conserved but whose length is either 12 or 23 bp (re- dependent protein kinase (Ku70, Ku80, and the catalytic
ferred to as the 12-signal and 23-signal, respectively). subunit, DNA-PKcs) and the XRCC4 protein (Lieber et
Efficient recombination occurs only between a 12-signal al., 1988; Pergola et al., 1993; Taccioli et al., 1993; Nus-
and a 23-signal, a restriction known as the 12/23 rule. senzweig et al., 1996; Zhu et al., 1996; Gu et al., 1997),
A 12/23 pair of signals is sufficient to target V(D)J recom- all four of which are essential for efficient repair of DNA
bination on artificial recombination substrates (reviewed double-strand breaks (reviewed by Taccioli and Jack-
son, 1995; Weaver, 1995). Ku70, Ku80, and XRCC4 areby Lewis, 1994).
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also required for SJ formation in vivo (Pergola et al.,
1993; Taccioli et al., 1993; Nussenzweig et al., 1996; Zhu
et al., 1996; Gu et al., 1997).
The roles of these four factors in V(D)J recombination
and double-strand break repair are not well understood.
Ku70 and Ku80 form a tight heterodimer that binds to
DNA ends, nicks, gaps, and hairpins. Once bound to
DNA, Ku is an ATPase, exhibits weak helicase activity,
and can translocate along the DNA in an energy-inde-
pendent fashion (reviewed by Weaver, 1995; Smider and
Chu, 1997). Ku also facilitates binding of DNA-PKcs to
DNA, which dramatically enhances its protein kinase
activity (Gottlieb and Jackson, 1993). DNA-PKcs can
phosphorylate many proteins in vitro (Smider and Chu,
1997), and binds to and phosphorylates the c-Abl tyro-
sine kinase in vivo (Kharbanda et al., 1997). However,
the relevant targets of DNA-PKcs phosphorylation for
V(D)J recombination and DNA repair are unknown. The
biochemical properties of the XRCC4 protein (Li et al.,
Figure 1. V(D)J Recombination Substrates and Products1995) have not been reported.
(Left) Diagram of the relevant portions of the substrates. (Right) TheThe second phase of the V(D)J recombination reaction
products of recombination. Rectangles, coding segments; light andwould be expected to require nuclease, polymerase,
dark triangles, 12- and 23-signals; half-arrows, PCR primers.
end alignment, ligation, and perhaps other activities.
The lack of a cell-free system capable of performing
Using pJH299, little or no signal at the size expectedthe complete V(D)J recombination reaction has been a
for CJ products was observed in the standard reactionsignificant impediment to the identification of the factors
(Figure 2A, row I, lane 2; a precise CJ with no base lossresponsible for these activities and to the elucidation of
or addition should give rise to a PCR product of 265the mechanism of the joining reaction. We report here
bp). The addition of 1 mM ATP or 100 ng/ml nonspecifica cell-free system that carries out the complete V(D)J
calf thymus competitor DNA (CTDNA),however, resultedrecombination reaction in vitro to form structurally ap-
in substantial increases in CJ formation (lanes 3 and 6)propriate CJs. The data support the existence of a post-
of at least 100- and 10-fold, respectively (estimated fromcleavage complex within which CJ formation occurs and
dilution experiments; data not shown). PCR reconstruc-indicate that the diversity and structure of CJs can be
tion experiments using cloned CJ templates indicatedmanipulated by altering the reaction conditions. This
that approximately 0.05%and 0.005% of input substratesystem should be useful for determining the mechanism
is converted to CJ product in the presence of ATP andof the second phase of the V(D)J recombination reaction
competitor DNA, respectively (see Experimental Proce-and understanding DNA end joining in mammalian cells.
dures). The competitor-dependent product band (Figure
2A, black arrowheads) reproducibly migrated slightlyResults
faster than the ATP-dependent band (white arrowheads).
Perhaps surprisingly, addition of ATP and CTDNA to theThe recombination substrates used in this study (Figure
same reaction resulted in no increase in signal intensity1) were plasmids containing a 12-signal and a 23-signal
relative to no addition at all (compare lanes 2 and 9),in different relative orientations. In pJH299, the signals
indicating that ATP and CTDNA each interferes with theare arranged such that rearrangement by inversion leads
other's stimulatory effect.to the formation of a CJ and a SJ, whereas in pD243
Sonicated CTDNA (Figure 2A, row I, lane 7; averageand pJH290, rearrangement by deletion results in an
size z300 bp) or supercoiled plasmid DNA (lane 8) hadexcised circle containing a CJ or SJ, respectively, with
approximately the same effect as CTDNA (lane 6; aver-the other junction retained on the plasmid.
age size .50 kb). This finding must be interpreted cau-Crude, whole-cell recombination extracts were pre-
tiously because nonspecific nuclease activity in the ex-pared from the mature B lymphoma cell line D10, which
tracts may introduce nicks and breaks in the competitorexpresses high levels of recombinationally active, trun-
DNA, in which case all three competitor DNAs wouldcated forms of the RAG1 and RAG2 proteins after heat-
provide some binding sites for factors, such as Ku, thatshock induction (Eastman et al., 1996). Efficient cleav-
recognize interruptions in the DNA backbone. However,age at recombination signals by crude D10 cleavage
because input DNA is relatively stable for 3 hr in theextracts requires synapsis of a 12-signal and a 23-signal
recombination extract (see below), it is unlikely thatand occurs synchronously at the two signals (Eastman
the three competitor DNAs tested are quantitativelyet al., 1996). In the standard recombination reaction,
similar in this regard, and hence it remains unclearsupercoiled plasmid substrates were incubated with ex-
whether nicks and free ends are a relevant feature of thetract in the presence of buffer and 10 mM Mg21, and
competitor DNA. The poorly hydrolyzable ATP analog,CJs were detected by polymerase chain reaction (PCR)
adenosine-59-O-3-thiotriphosphate (ATPgS), stimulatedusing appropriatelyplaced primers (Figure 1).PCR prod-
product formation less well than ATP (lane 4), adenylyl-ucts were fractionated on polyacrylamide gels and visu-
alized by staining with SYBR Green I. imidodiphosphate; CTDNA, calf thymus DNA. The faint
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Figure 2. In Vitro Coding Joint Formation
Shown in row I of (A) and rows I and II of (B)
and (C) are the relevant portions of polyacryl-
amide gels displaying the products obtained
after in vitro recombination of pJH299 and
PCR amplification with primers 1 and 3. White
and black arrowheads, the positions of CJ
products formed in the presence of ATP and
CTDNA, respectively (a precise CJ product
should be 265 bp). In all cases lane 1 contains
molecular weight markers (M) whose sizes
are shown in base pairs. The band at 298 bp
(marked B) has been cloned and sequenced
and shown to represent a PCR artifact arising
from unrecombined substrate (data not
shown).
(A) Stimulation of in vitro CJ formation by ATP
and competitor DNA. Row I, CJ detection.
The substance(s) added to the unstimulated
reaction (lane 2) are indicated above each
lane. The faint band detected at approxi-
mately 240 bp in lanes containing ATP or ATP
analogs is of unknown significance and rep-
resents a minor PCR product. Rows II and III,
control PCR reactions using primers 5 and 6
to detect substrate DNA at the completion
of the recombination reaction, regardless of
whether it was uncleaved, cleaved, or recom-
bined. Twenty cycles of PCR amplification
were used. The PCR template was diluted 10-
fold for the reactions in row III compared to
those in row II. These data demonstrate that
equal amounts of plasmid substrate were
added to the PCR reactions in row I. Row IV,
Southern blot detection of the central frag-
ment of pJH299 (arrows). From these and
other data (not shown), it was estimated that
5%, 25%, and 1% of substrate were cleaved
at both recombination signals in the unstimu-
lated, ATP-stimulated, and CTDNA-stimu-
lated recombination reactions, respectively.
(B) Time course of in vitro CJ formation at
308C. Aliquots were taken from reactions at
the time points indicated. Row I, ATP-stimu-
lated reactions; row II, CTDNA-stimulated re-
actions. Control PCR reactions such as those
shown in rows II and III in (A) demonstrated
that equal amounts of plasmid substrate were
added to the PCR reactions for lanes 3, 7,
and 11 (data not shown). The faint band visible at approximately the correct size in lane 3 of row II may represent a PCR artifact or CJ product.
Fluctuations in the intensity of faint bands are observed at the high PCR cycle number used in this experiment.
(C) Divalent cation and RAG protein requirements for in vitro CJ formation. In lanes 2±6, reactions contained 5 mM EDTA, 10 mM Mg21, or 1
mM Mn21, as indicated above the lanes. In lane 6, Mn21 was added after 60 min of reaction. Reactions in lanes 7 and 8 were the standard
stimulated reactions except that extract from M12 cells (expressing neither RAG1 nor RAG2) or Sr2c cells (expressing only RAG2) were used,
respectively. Row I, ATP-stimulated reactions; row II, CTDNA-stimulated reactions. Rows III and IV are similar to rows II and III of (A) and
demonstrate that equal amounts of plasmid substrate were added to the PCR reactions in row I. Similar control reactions for row II showed
equal amounts of substrate in all PCR reactions except for lane 3, which appeared to contain approximately 5-fold less substrate (data not
shown).
while the nonhydrolyzable analog, adenylyl-imidodi- proteins was determined by direct agarose gel electro-
phoresis of DNA samples from recombination reactions,phosphate (AMP-PNP), was inactive (compare lanes 5
and 2). This suggests that hydrolysis of the b±g phos- with the central cleavage fragment of pJH299 (see below
and Figure 3A) detected by SYBR Green I staining orphate bond of ATP is important for its ability to stimulate
CJ formation. Control PCR reactions using primers Southern blotting (see Experimental Procedures). SYBR
Green I staining revealed that approximately 25% ofwhose amplification product does not span a cleavage
site and two dilutions of substrate DNA demonstrated input pJH299was cleavedat both recombination signals
(data not shown). Subsequent Southern blot analysis ofthat approximately equal amounts of pJH299 template
DNA were used in each CJ PCR reaction (Figure 2A, the same gel demonstrated that addition of ATP in-
creased cleavage 5- to 10-fold compared to that ob-rows II and III).
The amount of substrate DNA cleaved by the RAG tained in the unstimulated reaction (Figure 2A, row IV,
Immunity
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compare lanes 2 and 3). In contrast, addition of CTDNA noted above, only 1% of input substrate was cleaved
at both recombination signals in CTDNA-stimulated re-reduced cleavage 2- to 5-fold compared to the unstimu-
lated reaction, to approximately 1% of input pJH299 actions. In contrast, the gel-purified fragments were
used at concentrations equivalent to 15% double cleav-(compare lanes 2 and 6; note that the data for lane 6
were taken from an exposure that was three times as age. This ensured that failure to form CJs with the pre-
cleaved fragments could not be explained by the addi-long as that used for lanes 2 and 3). Therefore, ATP
stimulates both recombination (z100-fold) and cleavage tion of insufficient amounts of the fragments. As a
control for possible effects of restriction enzyme diges-(5- to 10-fold), while CTDNA stimulates recombination
(z10-fold) but reduces cleavage (2- to 5-fold). tion and gel purification, pJH299 was cleaved with NdeI,
gel purified, and used as a substrate for recombination.CJs were first detected after 10±20 min of the reaction,
and thereafter, products accumulated for at least 240 CJ formation with the RAG-precleaved fragments was
dramatically reduced compared to that obtained withmin (Figure 2B). CJ formation required a divalent metal
ion (Figure 2C, rows I and II, lane 2), and was much either supercoiled, or NdeI-digested and gel-purified,
pJH299 (Figure 3B, top, compare lanes 2±6 with lanesmore efficient (at least 100-fold, based on control PCR
reactions) in 10 mM Mg21 than in 1 mM Mn21 (lanes 3 7±9). The recombination products obtained with NdeI-
digested, gel-purified pJH299 could be diluted 100-foldand 4). Furthermore, addition of 1 mM Mn21 to a reaction
containing Mg21 substantially reduced product forma- and a band corresponding to CJs was still visible (lane
5). In contrast, a mixture of the C and L fragments gavetion, whereas if it was added at 60 min of reaction, it
had a smaller inhibitory effect (lanes 4±6). These results only a faint signal, and this could be accounted for com-
pletely by a small amount of contaminating CJ productsare of significance because Mn21 supports cleavage
at isolated recombination signals but disrupts properly in the preparation of the L fragment (compare lanes 8
and 10; note that the band detected in these lanes (whitecoordinated cleavage at 12/23 pairs of signals (Eastman
et al., 1996; van Gent et al., 1996). As expected, product arrowheads) migrates at the position expected for CJs
formed in the presence of ATP, with a slower mobilityformation required the presence of both RAG1 and
RAG2 (lanes 7±9 and data not shown). Furthermore, CJ than expected for CTDNA CJs). Only when the C, L, and
R fragments were added together was even a faint bandformation was dramatically reduced by point mutation
of critical residues of the recombination signal or with obtained at the expected position (lane 9, black arrow-
head). The significance of increased product formationsubstrates containing two 12-signals or two 23-signals
(data not shown), demonstrating that the reaction obeys upon addition of the R fragment remains to be deter-
mined.the 12/23 rule. Collectively, these data demonstrate that
CJ formation requires conditions and substrates that CJ formation with RAG-precleaved pD243 was also
investigated using gel-purified C fragment, which con-permit efficient, coordinated cleavage at the two recom-
bination signals (Eastman et al., 1996). tains both CEs (Figure 3A). The results parallel those
obtained with pJH299: CJ formation was observed with
NdeI-digested, gel-purified pD243, even when the re-
CJ Formation Requires Coupling of Cleavage combination products were diluted 100-fold before PCR
and Joining amplification but were not detected with the purified C
By analogy to the synaptic complexes that facilitate fragment (Figure 3B, bottom, compare lanes 7 to lanes
strand transfer reactions during transposition and site- 2±6). For both pJH299 and pD243, NdeI digestion and
specific recombination (Craig, 1988; Mizuuchi, 1992), it gel purification had little or no effect on the ability of
is plausible that end processing and joining in V(D)J the DNA to serve as a substrate for recombination or
recombination occur in the context of a synaptic com- PCR amplification (lanes 2 and 3).
plex established at the time of cleavage (Alt and Balti- Control PCR reactions demonstrated that the ineffi-
more, 1982; Lewis et al., 1988). This predicts that CJ ciency of CJ formation with RAG-precleaved fragments
formation should be more efficient if cleavage and join- was not due to their degradation by nonspecific nucle-
ing are coupled than if the two processes are dissoci- ases in the crude extract. Gel-purified pJH299 and
ated from one another. To test this, the efficiency of CJ pD243 C fragments were extremely stable over the 3 hr
formation with intact and RAG-precleaved substrates time course of a recombination reaction (Figure 3C,
was compared. lanes 2±5, and data not shown), as were gel-purified
pJH299 was cleaved by the RAG proteins in crude pJH299 CJ products (lanes 7±10). This is likely due to
extract containing added ATP (to maximize the extent of the high concentration of CTDNA in the reaction (see
cleavage) and subsequently digested with NdeI (which legend to Figure 3C). We conclude that substrate and
cleaves in the plasmid backbone). Three DNA fragments product DNA fragments are stable and exhibit nodetect-
(Figure 3A) were then separated from uncleaved sub- able reduction in their capacity to serve as PCR tem-
strate and CJ products by gel purification: a left arm (L) plates even after prolonged incubation in extract. Fur-
having one CE and one NdeI-generated end; a central thermore, more than 95% of gel-purified pJH299 C
fragment (C) with a SE and a CE; and a right arm (R) fragments retain a hairpin configuration at the CE (esti-
with a SE and a NdeI end. Various combinations of the mated from alkaline agarose gel electrophoresis; data
gel-purified fragments were then incubated in recombi- not shown), indicating that the purified fragments have
nation extract containing CTDNA. The concentration of intact CEs with a structure appropriate for CJ formation.
the fragments added to the reactions was chosen to be We conclude that CJ formation is at least 100-fold more
substantially higher than the concentration that would efficient when cleavage and joining are linked than when
they are dissociated from one another.exist in a CTDNA-stimulated recombination reaction. As
Cell-Free V(D)J Recombination
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Figure 3. Coding Joint Formation is Dramati-
cally Reduced if Cleavage and Joining are
Uncoupled
(A) RAG-precleaved fragments. Cleavage of
pJH299 by RAG1 and RAG2 (vertical arrows)
and digestion with NdeI yields left arm (L),
central (C), and right arm (R) fragments of 2.4
kb, 286 bp, and 4.9 kb, respectively, whereas
pD243 yields a 243 bp C fragment. Semi-
circles, hairpin CEs; other symbols as in Fig-
ure 1.
(B) CJ formation with intact and RAG-pre-
cleaved forms of pJH299 (top) and pD243
(bottom). Substrate DNA (indicated above
each lane) was incubated in recombination
extract for 3 hr (1) followed by PCRamplifica-
tion or was subjected directly to PCR amplifi-
cation (2). Lanes 2 and 3 represent reactions
with equimolar amounts of supercoiled or
NdeI digested, gel-purified plasmid DNA, re-
spectively. PCR reactions for lanes 4±6 con-
tained serial 10-fold dilutions of the material
amplified in lane 3. In lanes 7±9, the indicated
RAG-precleaved fragment(s) were incubated
in extract at 15% of the molarity of the sub-
strates in lanes 2 and 3, which results in a
concentration of cleaved DNA fragments
z15-fold higher than would be observed in
a CTDNA-stimulated recombination reaction.
Lanes 10±12 indicate that only the L fragment
is contaminated with small amounts of CJs
formed in the presence of ATP (white arrow-
heads). Black arrowheads, the expected po-
sition of CJs formed in the presence of
CTDNA.
(C) Stability of gel-purified substrate and
product DNA fragments in recombination ex-
tract. Gel-purified pJH299 C fragment (lanes
2±5) or CJ fragment (lanes 7 to 10) was incu-
bated in recombination extract for the times
indicated above the lanes. The C and CJ frag-
ments were detected by PCR with primers 5
and 6, or 1 and 3, respectively (half-arrows).
Template DNA was diluted 10-fold prior to
PCR amplification to generate the data in the
bottom panels. Symbols as in (A).
The stability of the fragments is likely due to the high concentration of competitor DNA (100 mg/ml) used in these experiments. This is
5-fold higher than that used in our previous study (Agrawal and Schatz, 1997) and inhibits degradation of input substrate DNA (A. Agrawal
and D. G. S., unpublished data), presumably because the competitor DNA is now the target of most of the nuclease activity. Furthermore,
the final protein concentration in the recombination reaction is roughly 10-fold lower than in our previously reported cleavage reactions
(Eastman et al., 1996; Agrawal and Schatz, 1997).
Molecular Structure of CJs transfection of D10 cells with pJH299 exhibited the loss
of 0± z15 bp, with the most prevalent products havingCJs formed in vivo have several distinctive features,
most notably the loss of a small, variable number of lost 3±11 bp (lane 2; products with a net gain of 1±3
bp are visible on a darker exposure). The CJ productsnucleotides from the CEs, the addition of P- and
N-nucleotides, and the use of microhomologies be- formed in vitro in the presence of competitor DNA exhib-
ited a similar pattern except that products having losttween the two CEs to guide joining. Because D10 is
derived from a mature B lymphoma cell line, it would 0±3 bpwere underrepresented (lane 4). In contrast, reac-
tions containing added ATP yielded a virtually homoge-not be expected to express TdT, and hence CJs should
predominantly lack N nucleotides. neous product of the size expected for a precise CJ
(lane 5). If neither ATP nor competitor DNA was added,To determine if the putative CJs amplified from in vitro
recombination reactions exhibited a net gain or loss of products having a net gain or loss of z14 to 27 nucleo-
tides were visible, but the data were more difficult tonucleotides relative to a precise CJ, we fractionated
various PCR products on denaturing polyacrylamide interpret because of the weak signal and high back-
ground (lane 3).gels and detected the DNA by SYBR Green II staining
and fluorimetry (Figure 4). Size markers were obtained This analysis was extended to the pD243 substrate,
which differs from pJH299 in the arrangement of theby PCR amplification of cloned and sequenced CJ prod-
ucts (lanes 1 and 6). CJs formed in vivo after transient recombination signals (Figure 1) and in the sequence of
Immunity
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short homology (Figure 5, bottom; junctional homolo-
gies are manifested as nucleotides [underlined letters]
that cannot be assigned unambiguously to one CE or
the other). With ATP, 28 of 35 junctions sequenced (80%)
were precise, while 4 of the others contained a 2 bp
P-nucleotide insertion (Figure 5, middle, bold letters).
Overall, the structures of in vitro and in vivo CJs formed
with pJH299 are similar in several ways and are consis-
tent with the pattern of bands observed in Figure 4.
Sequencing of ATP-stimulated pD243 CJ products
also revealed the loss and addition of nucleotides at the
junctions (Figure 6). Consistent with the data shown in
Figure 4, the most frequently obtained sequence (ar-
rows), both in vivo (39% of CJs) and in vitro (36% of
ATP-stimulated CJs), represents a junction with a net
loss of 2 bp whose joining occurred at a 2 bp homology
that exists between the two CEs (top line, underlined
nucleotides). P-nucleotides were observed at junctions
formed in vivo and in vitro, as were other types of in-
serted nucleotides, some of which may be explained by
oligonucleotide capture (small letters) (Roth et al., 1991;
Lieber, 1992). Others appear to have arisen by improp-
erly targeted cleavage within, and hence retention of a
portion of, a recombination signal (italics), similar to
insertions observed in a subset of T cell receptor d re-
Figure 4. Length Distribution of Coding Joint Products
arrangements amplified from thymocytes (Carroll et al.,
CJ PCR products were fractionated on denaturing (8 M urea) 5%
1993). Altogether, the fraction of CJs containing nontem-polyacrylamide gels. In vitro recombination reactions were per-
plated nucleotides is low: 14% (in vitro) and 6% (in vivo)formed with added CTDNA (lanes 4 and 9), added ATP (lanes 5 and
for pD243, and 7% (in vitro) and 5% (in vivo) for all CJs.10), or with neither added (lanes 3 and 8). Molecular weight markers
were generated by PCR amplification of plasmids containing cloned, The data shown in Figures 5 and 6 also suggest that
sequenced CJs containing deletions of the number of base pairs CJs formed in vitro were more likely to have at least one
indicated under the D symbol. The total length of the marker PCR full-length CE than CJs formed in vivo. For pJH299,
products is also indicated in base pairs. Marker bands appear as
19%±58% of CJs formed in vivo contained at least onedoublets or triplets presumably because of distinct migration of the
full-length CE (the uncertainty is due to junctional homol-two denatured strands and variability in Taq polymerase tailing of
ogies), whereas in vitro, the corresponding numbersthe 39 ends of the PCR products.
were 94%±100% for ATP-stimulated CJs and 49%±
100% for competitor-stimulated CJs. For pD243, this
the coding nucleotides immediately flanking the hep- difference was less pronounced, with the proportions
tamer (see below). pD243 CJs formed in vivo exhibited of such junctions as follows: in vivo, 33%±83%;
a net addition or loss of 12 to z216 nucleotides, with ATP-stimulated, 44%±82%; and competitor-stimulated,
the most prominent products being derived from joints 66%±97%. Deletion of nucleotides from both CEs was
that had lost either 2 or 16 nucleotides (Figure 4, lane therefore more common in vivo than in the cell-free
7). The products formed in vitro showed the same trends reaction, particularly for pJH299.
seen with pJH299. With no added ATP or competitor
DNA, products with short deletions (0±6 bp) were faintly
visible (lane 8), while with competitor DNA, junctions Inefficient SJ Formation
Using pJH299 or pJH290, PCR products of the sizepredominantly contained substantial deletions (-9 to
215 bp; lane 9). In contrast, with ATP, a dominant prod- expected for SJs (321 or 256 bp, respectively) were
barely visible (Figure 7, lane 4). We have recently demon-uct with a net loss of 2 bp was produced (lane 10).
Some differences between pJH299 and pD243were also strated that D10 cleavage extracts form a stable post-
cleavage synaptic complex containing two SEs and theobserved: in the presence of competitor DNA, deletions
were longer on average with pD243, and in the presence RAG proteins (Agrawal and Schatz, 1997) and have pro-
posed that this complex helps explain the accumulationof added ATP, a variety of less intense bands were
more clearly seen with pD243. Perhaps the most striking of SEs and slow rate of SJ formation observed in vivo
(Roth et al., 1992; Ramsden and Gellert, 1995; LivaÁ k andfeature of these data is that the competitor- and ATP-
stimulated patterns of bands are largely nonoverlap- Schatz, 1996). It is plausible that this complex interferes
with SJ formation in vitro, perhaps by blocking accessping, and when superimposed, recreate much of the in
vivo pattern of bands. of ligase to the SEs. Consistent with this idea, we found
that if the initial 2 hr incubation was followed by heatingThe molecular structure of the CJ products was then
analyzed by cloning and sequencing. Competitor-stimu- to 708C for 10 min to disrupt protein:DNA complexes,
the addition of fresh extract resulted in a substantiallated pJH299 products exhibited the loss of 4±13 bp,
with a number of the junctions occurring at regions of increase in SJ formation (Figure 7, lanes 5 and 6). It is
Cell-Free V(D)J Recombination
309
Figure 5. Nucleotide Sequence of Coding Joints from pJH299
The top line displays the nucleotides immediately flanking the 12- and 23-signals (12-coding end and 23-coding end, respectively), oriented
59 to 39 as they would appear in a precise CJ. The sequences obtained are aligned below, with deletions indicated by blank spaces and
homologies at the two CEs underlined. Inserted nucleotides are indicated in the center, with palindromic nucleotides shown in bold and other
insertions in small letters. ªSize gain 2 lossº represents [number of nucleotides inserted] 2 [total number of nucleotides deleted]; ªnet changeº
represents the net gain or loss of nucleotides at the junction relative to a precise CJ; and N represents the number of times a particular
sequence occurred in the data set.
noteworthy that more product isproduced if the second- generates SJs inefficiently, presumably because the
steps leading to dissociation or remodeling of the post-ary extract does not contain RAG1 and RAG2 (compare
lanes 5 and 6), consistent with our finding that extracts cleavage SE synaptic complex have not been recreated.
containing the RAG proteins can form a stable complex
with a pair of precleaved signals (Agrawal and Schatz, Discussion
1997).
Precise joining of two recombination signals gener- We have established a cell-free system that performs
all steps of V(D)J recombination necessary to form CJs.ates a new site for the restriction enzyme ApaLI, whereas
if even a single nucleotide is added or lost, the ApaLI Several considerations strongly suggest that the CJs
produced in this system are bona fide V(D)J CJs. First,site is not created. Only a small fraction (z10%) of the
SJ products generated as in lane 5 of Figure 7 were CJ formation has the expected metal ion, RAG protein,
and recombination signal requirements, indicating thatApaLI sensitive and hence contained a precise SJ. In
contrast, 80% of SJs formed in vivo were ApaLI sensitive DNA cleavage occurs within the anticipated synaptic
complex (Sheehan and Lieber, 1993; Eastman et al.,(data not shown). Most SJs formed in vitro have suffered
the loss of a few nucleotides (data not shown), consis- 1996; van Gent et al., 1996; Steen et al., 1997). Second,
they have many of the defining structural features of CJstent with heat treatment releasing SEs from the protec-
tive synaptic complex. The cell-free system therefore formed in vivo, including nucleotide loss, P-nucleotide
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Figure 6. Nucleotide Sequence of Coding Joints from pD243
The data are displayed as in Figure 5. Nucleotides potentially derived from the recombination signals are shown in italics. Arrows, the abundant
CJ product, seen both in vivo and in vitro in Figure 4, whose junction occurs at a 2 bp homology found at the tips of the pD243 CEs (double
underlining). The pD243 216 bp product (seen in Figure 4) may be underrepresented as a result of the gel purification of the products before
cloning.
addition, and short homologies at the junctions. Third, postcleavage synaptic complex is integral to the re-
action.the CJs formed in the cell-free system cannot be ac-
counted for by nonspecific joining of free CEs. Instead, CJ and SJ formation in vivo require that the cells
express a functional Ku heterodimer (Pergola et al.,efficient CJ formation requires that the cleavage and
joining phases be coupled, suggesting that a coordi- 1993; Taccioli et al., 1993; Nussenzweig et al., 1996; Zhu
et al., 1996). We have attempted to deplete Ku70 andnated transition from precleavage synaptic complex to
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dissociate into SE/SE and CE/CE subcomplexes is un-
certain. The former possibility is better able to explain
the observation that SEs can be joined to CEs to form
hybrid joints, both in vivo (reviewed by Lewis, 1994)
and in our in vitro system (data not shown). The latter
possibility is consistent with our previous finding that
the RAG proteins are stably associated with SEs but
not CEs (Agrawal and Schatz, 1997). One way to recon-
cile these observations is to suppose that CJ formation
occurs within a complex containing the four ends (Lewis
et al., 1988), but that this complex is sufficiently unstable
that it was not detected in our previous study.
Coordinately cleaved DNA is first observed after 5 min
of reaction at 308C (Eastman et al., 1996), while CJs
were first detected after 10±20 min of reaction (Figure
2B). This indicates that the end processing and joining
steps required for CJ formation can occur relatively rap-
idly, consistent with the difficulty in detecting CEs in
normal lymphocytes and lymphoid cell lines (Roth et al.,Figure 7. Signal Joint Formation In Vitro
1992; Ramsden and Gellert, 1995; LivaÁ k and Schatz,pJH299 or pJH290 were incubated in extract (18 extract) prepared
1997). In contrast, SEs are readily detected in recombi-from D10 cells (R11R2) or M12 cells (no RAG) for 2 hr at 308C,
heated to 708C for 10 min, and fresh extract (28 extract) added as nationally active cells (Roth et al., 1992; Schlissel et al.,
indicated, with incubation for an additional 2 hr at 308C. Reactions 1993), accumulate with approximately the same kinetics
contained 1 mM ATP. White arrowheads, the expected positions of as CJs (Ramsden and Gellert, 1995), and disappear in
SJ PCR products (321 and 256 bp for pJH299 and pJH290, respec-
tandem with down-regulation of RAG protein levelstively).
(Ramsden and Gellert, 1995; LivaÁ k and Schatz, 1996).
These observations and our failure to detect significant
Ku80 from our extracts with anti-murine Ku antibodies, levels of SJs in vitro may be explained by the formation
but despite two successive incubations with a substan- after cleavage of a nuclease-resistant, SE synaptic com-
tial excess of the antibodies, we could remove only plex containing the RAG proteins (Agrawal and Schatz,
70%±80% of the Ku proteins, and CJ formation was 1997). Future studies should allow us to understand how
not significantly decreased compared to treatment with DNA ligase gains access to the SEs in this complex.
control antibodies (data not shown). It may be necessary
to reconstitute V(D)J recombination in extracts prepared
from Ku-deficient cells to determine the Ku dependency Two Modes of CJ Formation
Our data demonstrate that ATP and nonspecific com-of our reaction.
petitor DNA stimulate CJ formation but in distinct ways.
Addition of ATP favors insertion of P-nucleotides andA Postcleavage Complex that Facilitates
CJ Formation production of a class of junctions of limited diversity
whose joining may be mediated by microhomologies.The results of Figure 3 demonstrate that CJ formation is
at least 100-fold more efficient when substrate cleavage For pD243, a 2 bp direct homology exists at the tips of
the CEs, and 36% of ATP-stimulated CJs are formed atand CE joining are allowed to occur in the same reaction
than when the two processes are uncoupled. This num- this homology. For pJH299, 80% of ATP-stimulated CJs
are precise fusions of the CEs. These might arise byber is almost certainly an underestimate because of the
high concentration of precleaved fragments used in the blunt end ligation of the CEs afteropening of the hairpins
at their tips. Alternatively, if one (or both) of the pJH299experiments of Figure 3B. These results argue against
the possibility that in the cell-free recombination reac- hairpin CEs is opened asymmetrically so as to yield
a one-nucleotide P-region, a one (or two)±nucleotidetion, CEs are released after cleavage and subsequently
processed and joined nonspecifically. Instead, we pro- homology is generated at the CEs. Subsequent use of
this homology to mediate joining results in the formationpose that CEs are retained in a postcleavage complex
and that this dramatically facilitates CJ formation. Such of a precise CJ. Our data do not allow us to determine
the extent to which asymmetric hairpin opening contrib-a complex may be critical during V(D)J recombination
in vivo to permit efficient joining and prevent aberrant utes to the precise CJs observed.
In contrast to the prevalence of joining at the tips ofrecombination events and would provide a mechanistic
parallel between V(D)J recombination and transposition the CEs seen in ATP, addition of competitor DNA results
in diverse CJs with substantial nucleotide loss. From 4and site-specific recombination reactions in lower or-
ganisms (Craig, 1988; Mizuuchi, 1992). to 17 nucleotides are deleted from the CEs, and short
(1±4 bp) homologies are found at 42% of the junctions.Because cleavage at the two recombination signals
occurs synchronously and within a synaptic complex The reciprocal nature of the effects of ATP and competi-
tor DNA, and the fact that the in vivo pattern of CJ(Eastman et al., 1996), the four free ends must be in
close proximity immediately after cleavage. Whether heterogeneity is toa large extent recreated by thesuper-
position of the two in vitro patterns, suggest that ATPthey maintain such an arrangement during the pro-
cessing and ligation of CEs, or whether they typically and competitor DNA support two different modes of end
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108 cells/ml) for 25 min on ice, and after centrifugation at 18,000 3processing and joining, which may operate in parallel
g for 20 min, clarified crude extract (z10 mg/ml total protein) wasin vivo. We note that the pattern of CJ products pro-
frozen and stored in single-use aliquots at 2808C. The recombina-duced by pJH299 and pD243 in vivo bear strongest
tion extract differs in salt composition, ionic strength, and pH from
resemblance to the CTDNA- and ATP-stimulated in vitro that used previously to perform cleavage (Eastman et al., 1996;
patterns, respectively (Figure 4). This suggests that Agrawal and Schatz, 1997). The recombination extract has not been
precipitated with ammonium sulfate or dialyzed.some aspect of the substrate, such as the relative orien-
tation or sequence of the coding segments, may influ-
ence which mode is favored in vivo. Recombination Reaction
The standard 40 ml reaction contained 50 mM HEPES KOH (pH 8.0),Addition of ATP affects both phases of the recombina-
73 mM KCl, 2 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol, 2 mltion reaction, increasing V(D)J DNA cleavage 5- to 10-
of crude extract, and 100 ng of recombination substrate. After afold and CJ formation 100-fold, and influencing the mo-
preincubation of all components except substrate for 30 min at
lecular structure of the CJs formed. Of note, stimulation 308C, substrate was added and the incubation continued at 308C
of CJ formation by ATP requires hydrolysis of its b±g for 3 hr. When included, competitor DNA was added at the same
time as substrate and ATP was added after the first 15 min ofphosphate bond (Figure 2A, lane 5). This is not the bond
the preincubation. ATP and its analogs were used at 1 mM andhydrolyzed by mammalian or bacteriophage T4 DNA
competitor DNA at 100 ng/ml, concentrations that were determinedligases, which break the a±b phosphate bond to form
to yield maximum levels of CJ products. The recombination sub-an adenylate±enzyme complex and pyrophosphate
strates have been described previously (Lieber et al., 1988; Hesse
(Kornberg and Baker, 1992). Furthermore, AMP-PNP et al., 1989; Lewis and Hesse, 1991).
supports ligation by T4 ligase as efficiently as does ATP Reactions were stopped by addition of 180 ng/ml proteinase K,
0.06% sodium dodecyl sulfate, 1.1 mM EDTA, and incubation at(L. Corbett and D. G. S., unpublished data). We infer
558C for 30 min. Dilution buffer (10 mM HEPES NaOH [pH 8.0], 1that ATP probably does not stimulate CJ formation by
mM EDTA, 0.1% NP40, and 10 ng/ml sheared salmon sperm DNA)serving as a ligase cofactor. A portion of human DNA
was added to a final volume of 200 ml. Of this, 2 ml was used in aligase IV exists as an adenylate±enzyme complex in
10 ml PCR reaction in which Taq polymerase was added after an
crude extracts and can catalyze ligation in the absence initial 2 min incubation at 958C, followed by cycles of 958C, 30 sec;
of ATP (Robins and Lindahl, 1996). The contribution to 648C, 30 sec; and 728C, 30 sec (increasing 1 sec/cycle). See figures
and legends for the number of cycles used. Reactions were per-CJ formation of such complexes, or of residual ATP in
formed in buffer supplied by the Taq manufacturer (Perkin Elmer)the recombination extract, remains unknown.
with a final Mg21 concentration of 2.5 mM. PCR primers: 1, 59-CGACWhile the mechanisms by which ATP and competitor
AGGTTTCCCGACTGG; 2, 59-CCTGCCGAGTGGTTCAGC; 3, 59-GTGDNA influence the recombination reaction remain un-
AGAATCGCAGCAACTTG; and 4, 59-GCAACTGACTGAAATGCCTC.
clear, our data find parallels in studies of nonhomolo- A 1.5 ml sample of PCR products was separated on 7% polyacryl-
gous end joining in yeast (Boulton and Jackson, 1996a, amide gels (19:1 crosslinking) in Tris-acetate-EDTA buffer. Signals
were detected after staining with SYBR Green I on a FluorImager1996b; Milne et al., 1996), where recently two pathways
575 (Molecular Dynamics) using a 530DF30 filter, 700 V PMT voltage,of joining have been proposed (Boulton and Jackson,
200 mm resolution, and ScannerControl version 1.1. software. Signal1996a, 1996b). In the ªaccurate repairº pathway, DNA
intensities werequantitated using ImageQuaNT version 4.2 (Molecu-ends with complementary overhangs, generated by re-
lar Dynamics). Acquired data were reduced from 16 to 8 bits using
striction enzyme digestion, are efficiently and precisely Convert 16 to 8, version 1.5a (Molecular Dynamics); brightness,
joined to regenerate the restriction enzyme site. This contrast, and size were adjusted with Adobe Photoshop; and data
were printed on a Codonics NP1600 dye sublimation printer. In vivoresembles the precise or homology-driven joining at the
recombination reactions were performed by transient transfectiontips of CEs that we observe with added ATP. In contrast,
of D10 cells with the substrates as indicated. Plasmid was recoveredin the yeast ªerror-prone repairº pathway, one or both
by proteinase K digestion, and samples for gel analysis preparedof the DNAends suffer a substantial deletion, and joining
by PCR amplification of CJs from 200 cell equivalents of recovered
occurs at a short region of homology, which resembles material.
the pattern of joining we observe with competitor DNA. To confirm that the total amount of plasmid DNA added to each
CJ PCR reaction was the same, two dilutions of the recombinationOf note, the yeast Ku proteins are required for accurate
reactions were amplified with primers 5 and 6 for 20 cycles and therepair (Boulton and Jackson, 1996a, 1996b; Milne et al.,
products detected by polyacrylamide gel electrophoresis and SYBR1996) and inhibit the error-prone pathway (Boulton and
Green I staining. Primer 5 was 59-GAACAGCAAGCAGCATTGAG,Jackson, 1996a, 1996b). By analogy, it is plausible that
and primer 6, 59-AGGATCGACGACGACATGG.
ATP and competitor DNA exert their effects on CJ forma- For sequence analysis, CJ PCR products weregel purified, cloned
tion by increasing and decreasing, respectively, the ac- into pGEM-T without blue±white selection, insert-positive clones
identified by PCR, and plasmid DNA prepared with Qiaprep (Qiagen)tivity or availability of Ku or DNA-PKcs. According to
and sequenced with the Prism Dye Terminator system and an auto-this model, Ku and DNA-PKcs would play a major role
mated sequencer from Applied Biosystems.in determining whether CEs are rapidly and precisely
The percentage of input pJH299 substrate that was converted tojoined or whether they are instead processed substan-
CJ product was determined using a reference pGEM-T plasmid
tially before joining occurs. containing a pJH299 CJ PCR product, prepared as described above.
The plasmid DNA was digested with PvuII to place the relevant
portion of the plasmid on a short linear fragment of DNA, and severalExperimental Procedures
10-fold dilutions of this DNA were used as templates for PCRamplifi-
cation using primers 1 and 3. In parallel, serial 10-fold dilutions ofRecombination Extract
For the preparation of recombination extracts, D10 cells (Eastman relevant recombination reactions were PCR amplified using the
same primers. The resulting PCR products were visualized on poly-et al., 1996) were heat shock±induced for 6 min at 458C, harvested
6 hr later, and frozen as pellets in liquid nitrogen. Thawed cells were acrylamide gels and the band intensities resulting from the cloned
CJ template and the recombination reaction templates were com-incubated in extraction buffer (final concentrations: 25 mM HEPES-
KOH [pH 7.0], 260 mM KCl, 40 mM NaCl, 20% glycerol, 0.1% NP- pared. From the dilutions that gave approximately equivalent sig-
nals, it was possible to calculate the number of molecules of CJ40, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and
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product in a given volume of recombination reaction, and hence the Clive C. Kuenzle for continuous support and encouragement. This
work was supported in part by grant AI32524 to D. G. S. from theefficiency with which substrate was converted to CJ product.
National Institutes of Health. Q. M. E. was supported by a predoc-
toral fellowship from the National Science Foundation. T. M. J. L.Quantitation of DNA Cleavage
was supported by a grant administered by the Union Bank of Swit-DNA cleavage by the RAG proteins was quantitated by agarose gel
zerland and the Baugarten Stiftung.D. G. S. is an Assistant Investiga-electrophoresis and SYBR green I staining and Southern blotting.
tor of the Howard Hughes Medical Institute.The Southern blot probe was a digoxigenin-labeled DNA fragment
specific for the central (C) fragment of pJH299, generated by PCR
amplification using primers 5 and 6. DNA samples from recombina-
Received June 26, 1997; revised July 11, 1997.tion reactions were electrophoresed on 1 mm thick 1% agarose plus
2% Infinity Agarose Enhancer (Oncor) vertical gels, stained with
SYBR green I, and imaged on a FluorImager as described above. References
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